Introduction
There are two well-known mode of CVG operation -rate mode and rate-integrating one [1, 2] . Comparatively recent investigations [3, 4] resulted in the third, differential, mode of CVG operation with higher shock damping [5] and noise compensation [6] ability than the first two modes.
The differential mode of operation, which is analyzed in this paper, can be implemented in a single-mass Coriolis vibratory gyro (CVG) by keeping a standing wave between the electrodes by applying two stable amplitude control signals on X and Y drive axes electrodes. In this case two magnitudes of angular rates with opposite signs can be read-out from X and Y sense axes electrodes [7] . The resulting angular rate can be obtained by signals subtraction of two X and Y measurement channels, and at the proper alignment of standing wave, under angle of  * to X drive electrode at which scale factors of the two channels, SF x and SF y are equal to each other, cross damping bias component is compensated for. Moreover, the sum of these two signals gives information about the bias components without angular rate that may be used to estimate certain bias components for on-line compensation [3] .
As opposed to other types of differential gyros that can be implemented using two or multi-mass resonator designs, single-mass resonator gyros can have higher rejection factors for different disturbances allowing meeting the requirements of many important applications. CVG uses resonator as a rule of sound frequency to detect rotation. Hence, it is obvious that it can be disturbed by the external sound which frequency is close to resonant one or noisy sound which frequency range covers the resonant one. Test results show excellent disturbance rejection properties of differential mode of operation for single-mass vibratory gyro. Comparison of responses of the differential mode with the rate mode of the same gyro to external acoustic impulses which frequency are close to resonant one, constant and variable magnetic fields are made in this work.
Problem statement
There is well-known problem of acoustic disturbances influence on the CVG using sound frequency resonator when acoustic disturbances spectrum covers resonant frequency. There is also external magnetic field influence on the CVG electronics and resonator when it made of or covered with magnetic materials. This paper experimentally investigates the problem of rejection acoustic and magnetic fields for the metallic resonator CVG operating in differential mode.
Differential CVG
Because rate and rate-integrating modes of CVG operation are widely described in technical literature [1] , [2] , [8] and many others, let's shortly describe the differential mode of operation for singlemass resonator gyro. Let's apply control forces f x and f y on the X and Y electrodes such that standing wave is located in between the X and Y electrodes, as it is shown by dashed line in fig.1 . Dynamic equations of the two dimensional pendulum [1] in this case can be written down as follows: 
where Usually, quadrature signal Q associated with frequency mismatch is compensated for by well-known procedure [8] , which can be represented as follows:
In this case oscillation frequencies along both X and Y axes are almost equal to each other at the value  r . Stationary solution of equations (1) (3) where  is a phase difference between X and Y sense electrode signals, A is standing wave amplitude,  is the angle between X axis and standing wave oscillation direction. This solution transformed into output signals in voltages for =0 results in the following measurement equations [6] : (4) where z x , z y , D x , D y are X and Y channel measurement signals in voltages and deformation-to-voltage conversion coefficients, respectively.
These measurement equations show that differential gyro gives us information about - and , from X and Y sense electrodes, respectively. Based on equations (4) 
It should be noted that both channel biases and scale factors are changed periodically versus standing wave angle . Dependencies of X and Y channel biases and scale factors versus angle  are presented in [4] . Thus, there is the angle  0 that equalizes X and Y channel biases 
When standing wave angle is  0 , difference of the two X and Y channel measurements, z y -z x , cancels bias and increases angle rate signal. In this case zero bias measurements can be obtained. .
The differential channel (eq. (9)) does not contain damping cross-coupling d xy , and sum of the two channels (eq. (11) 
Rejection factor determination
Since each of the two X and Y measurement channels operate, in essence, in the rate mode and their difference represents differential mode signal, then ratio of one of the X and Y channel signals to half difference one, (X-Y)/2, will determine rejection factor R s of CVG rate mode as compared with differential one. Ratio will be determined after bias subtraction for each of the channels. Thus, rejection factor for external acoustic impulse will be calculated as follows: 
Acoustic impulse rejection factor
It is well known that resonant gyroscopes, including MEMS, degrade their performances when external disturbance is acting at a close to resonant frequency of the vibrating structure [9] . Acoustic signals can find way to CVG resonator through inducing mechanical vibrations of the gyro casing and anchors to which the resonator is attached. Acoustic impulse at the resonant frequency produces resonance response in the vibrating structure. This response is passing through control system without suppression and appears on the gyro output as a wrong angle rate. The higher the resonator Q factor the larger the wrong angle rate on the output, because resonator Q times amplifies disturbance at its resonant frequency. Also, the more the sound pressure level (SPL) of acoustic impulse the larger the wrong angle rate arises on the output. High Q factor resonator can effectively suppress acoustic impulse which frequency defers from resonant one, because resonator is a band pass mechanical filter which bandwidth is inversely proportional to its Q factor. Otherwise, low Q factor resonator less amplifies acoustic disturbance, but also less suppress the disturbances which defers from its resonant frequency. So, in both cases resonant frequency should be protected from external acoustic impulse or noise with frequency close to resonator working frequency. Many investigators tried to mitigate the effect of acoustic noise on the MEMS gyros by using some types of foams [10] or other acoustic materials [11] . They also used multi-resonator design to implement differential measurements [12] . Micro-Helmholtz resonators have also been designed and manufactured in [11] to reach attenuation of the acoustic noise at the level of up to 18 dB. This section presents test results on influence of acoustic impulses with frequencies close to resonant one on output signal of low Q factor differential vibrating gyro being under testsIn these tests acoustic impulses are entered into resonator by acoustic wave excitation of upper part of the CVG housing which source has a direct mechanical contact with its metallic housing. Sound intensity level of acoustic impulse was about 60 dB. Figure 3 shows differential CVG signal responses to three acoustic impulses. Sound impulse rejection factors, in terms of peak value, R sp , calculated using (10), give the following results: R sp1 =69.7/0.6≈116, R sp2 =45.6/0.7≈65 and R sp3 =82.2/0.8≈103. Minimum of three is R sp =65, that is about 36 dB. Figure 4 shows differential CVG output signals after exposure by acoustic impulses of approximately same intensity level which frequency is about 100 Hz farther than that of shown in figure 3 . Vertical dashed lines show time interval of acoustic noise action. As can be seen differential channel responds to acoustic noise with a little, no more than 10%, increasing in the gyro output noise without changing in bias [13] . Magnetic field rejection factor Gyroscopes are usually operate in a moving vehicle in surrounding of other devices, motors, electric generators and others which create magnetic field of different directions. Constant and/or variable magnetic fields influence on a gyroscope bias through interaction with electronic circuits and resonator when it made of or covered with magnetic materials. The amount of interaction with resonator depends on resonator material and amount of potential applied to it. This interaction results in gyro bias variation proportional to external magnetic field applied. So, it is very important to protect gyros from external magnetic field. This section presents test results that demonstrate high magnetic field rejection factor of differential CVG and much lower magnetic sensitivity in comparison with rate CVG. Figure 6 shows differential CVG output signal biases under applied magnetic field of different magnitudes. One can see that differential channel does not visually reveal dependency on magnetic field whereas X and Y rate channels show up significant changes in biases.
Magnetic Field Perpendicular to input axis
Excellent rejection property of differential signal is due to almost equal responses to magnetic field both X and Y channels. It is because signals of X and Y channels are generated by single mass resonator to which a magnetic field is applied.
Bias change for each of these three channels X, Y, and differential one versus magnetic field intensity is depicted in fig. 7 . This figure visually shows that differential signal magnetic field sensitivity is much lower than that of X and Y rate channels. Each of three channels magnetic field sensitivity coefficients can be quantitatively estimated by a tangent of tilt angles of least squares straight line drawn by the data presented in fig. 6 Figure 8 shows responses of differential CVG signals to variable magnetic field with amplitude close to 10 mT. Differential channel does not show change in bias, because noise does not allow us to see the bias change at 10 mT magnetic field. Significant difference in rejection factors for different magnetic field directions is caused, most likely, by the difference in range of magnetic fields which were applied, than the change in directions of the field. One can see from the fig. 7 in spite of responses to magnetic field of both X and Y channels increase, the difference channel remains in the region of lower sensitivity. Based on this fact one can suppose that the greater the magnetic field, the greater the rejection factor of differential CVG in comparison to rate one.
Magnetic field along input axis

Conclusion
Differential CVG can be considered as third mode of operation for vibratory gyroscopes along with two well known rate and rate-integrating ones. This mode of operation can be built-in the single gyro together with the two others, rate and rate-integrating modes, to implement triple-mode CVG. Triple-mode g yro can be implemented both for MEMS and non MEMS vibratory gyros.
Acoustic impulse close to resonant frequency results in peak response in three informative channels of differential CVG. However, differential CVG rejection factors are 65 (36 dB) and 76 (37.6 dB) times more than those of for rate CVG. These rejection factors are significantly higher than that of one that can reach using micro-Helmholtz resonators.
Investigation of acoustic disturbances influence on differential CVG output signals will be continued for wide band acoustic noise covered resonant frequency.
Magnetic field sensitivity for differential CVG is much less than that of for rate CVG for both along and perpendicular to gyro IA directions of magnetic field. Specifically, differential CVG magnetic sensitivity along IA is 1.3*10 -3 deg/s/mT, and perpendicular to IA it is 1.7*10 -4 deg/s/mT. Rejection factors in term of magnetic sensitivities along and perpendicular to IA are respectively equal to 10 and 25. The greater the magnetic field, the greater the rejection factor of differential CVG in comparison to rate one. Differential CVG response to variable magnetic field for not great of its amplitude is invisible on the background of low-cost CVG noise.
This investigation has been carried out for standing wave angle *, that equalizes X and Y channel scale factors. It will be interesting to conduct investigation on disturbances sensitivity for standing wave angle  0 , that equalizes X and Y channel biases.
